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Bacterial single-stranded DNA-binding proteins (SSBs) help to recruit
a diverse array of genome maintenance enzymes to their sites of
action through direct protein interactions. For all cases examined
to date, these interactions are mediated by the evolutionarily
conserved C terminus of SSB (SSB-Ct). The essential nature of SSB
protein interactions makes inhibitors that block SSB complex forma-
tion valuable biochemical tools and attractive potential antibacterial
agents. Here, we identify four small molecules that disrupt com-
plexes formed between Escherichia coli S$SB and Exonuclease | (Exol),
a well-studied SSB-interacting enzyme. Each compound disrupts
Exol/SSB-Ct peptide complexes and abrogates SSB stimulation of
Exol nuclease activity. Structural and biochemical studies support
a model for three of the compounds in which they compete with
SSB for binding to Exol. The fourth appears to rely on an allosteric
mechanism to disrupt Exol/SSB complexes. Subsets of the inhibitors
block SSB-Ct complex formation with two other SSB-interaction
partners as well, which highlights their utility as reagents for inves-
tigating the roles of SSB/protein interactions in diverse DNA replica-
tion, recombination, and repair reactions.
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To provide cellular genome maintenance machinery access to
genomic information, DNA must be unwound to form
single-stranded (ss) intermediates (1-3). Although DNA unwind-
ing processes are obligatory, they also present intrinsic risks to
cells: ssDNA is sensitive to damage that can be difficult to repair
and can self-associate to create structural impediments to ge-
nome maintenance. To protect and stabilize unwound ssDNA,
cells have evolved specialized ssDNA-binding proteins (SSBs)
that bind DNA with high affinity and in a sequence-independent
manner. In addition to DNA binding, SSBs have a second activity
in which they physically associate with over a dozen different
genome maintenance proteins (3). This latter function helps
target SSB’s protein partners to their sites of action and, in many
cases, stimulates the biochemical activities of the recruited pro-
teins. Both DNA- and protein-binding activities are essential for
SSB cellular functions.

Most bacterial SSBs function as homotetramers, with each sub-
unit containing an N-terminal DNA-binding/oligomerization (OB)
domain and a C-terminal segment (SSB-Ct) that mediates SSB in-
teractions with other genome maintenance proteins (Fig. 14) (3,4).
This structural arrangement is distinct from the major eukaryotic
SSB (Replication Protein A), which functions as a heterotrimer and
lacks the SSB-Ct element found in bacterial SSBs (5). The SSB-Ct
sequence includes highly conserved acidic and hydrophobic seg-
ments (Asp-Asp-Asp-Ile-Pro-Phe in E. coli SSB), both of which play
important roles in forming SSB/protein complexes (6). Interaction
between the SSB-Ct and cellular genome maintenance machinery
is essential in E. coli and, given the conservation of the SSB-Ct
sequence among diverse bacterial SSBs, such interactions are likely
to be common among bacteria (3). Tools that allow biochemical
dissection of SSB/protein interactions would greatly facilitate
experiments probing the diverse roles played by SSB in genome
maintenance pathways.

The x-ray crystal structure of E. coli Exonuclease I (Exol)
bound to a peptide comprising the SSB-Ct sequence has provided
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a molecular model of SSB/protein interactions (4). In this struc-
ture, the C-terminal-most Phe of the SSB-Ct sequence forms a
critical contact with Exol in which the Phe side chain is enveloped
in a hydrophobic pocket and its a-carboxyl group is bound by an
Arg side chain from Exol (4). Intimate recognition of the SSB-Ct
Phe appears to be a conserved feature in other SSB/protein in-
teractions as well, and mutations that alter this residue in SSB are
lethal to E. coli (4, 6-8). Roles for the acidic SSB-Ct residues in
mediating interaction with Exol have also been identified, lead-
ing to a model wherein SSB/Exol association depends on multiple
interactions for stability and specificity (6). The identification of
this binding scheme has raised a number of questions as to the
conservation of SSB-Ct binding sites among its many binding
partners and the consequences of inhibiting interactions with
SSB in reconstituted systems and in cells. To begin to answer
these questions, we set out to develop a set of chemical tools
to interrogate interactions between SSB and its protein partners.

Here, we identify four small-molecule inhibitors that disrupt
SSB/Exol complexes. Two of these compounds have chemical
structures that closely resemble the critical C-terminal Phe from
the SSB-Ct element, indicating that they could act as peptide
mimetics. Each of the inhibitors disrupts Exol/SSB-Ct peptide
complexes and abrogates SSB stimulation of Exol activity in nu-
clease reactions. Crystallographic and biochemical studies iden-
tify modes of inhibition for the compounds in which three of the
molecules block SSB binding to Exol by competitively binding
to the SSB-Ct binding site on Exol, whereas the fourth molecule
appears to rely on allosteric effects to block SSB binding to
Exol. Remarkably, subsets of the compounds also dissociate com-
plexes formed between the SSB-Ct element and two other SSB-
interacting proteins (RecQ and PriA DNA helicases), indicating
their utility as general SSB/protein complex inhibitors. Together,
these studies provide unique biochemical tools for probing the
roles of SSB/protein interactions.

Results

Identification of SSB/Exol Interaction Inhibitors. A library of
50,400 small-molecule compounds was screened using a high-
throughput fluorescence polarization (FP) assay to identify inhi-
bitors that dissociate the complex formed between SSB and Exol,
a well-studied SSB-binding partner. The assay monitored
whether the addition of individual small molecules influences
binding of a fluorescein-labeled SSB-Ct peptide (F-SSB-Ct) to
Exol by measuring the FP of F-SSB-Ct (FP is ~200 mP when
bound to Exol and ~40 mP when free) (4). Our screen identified
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Fig. 1. Small-molecule inhibitors disrupt Exol/F-SSB-Ct complexes. (A) Sche-
matic model depicting the effects of small molecules (Red) competing
with SSB [tetramer (Yellow) with ssDNA (Orange)] for binding Exol (Green).
(B) Inhibitors [CFAM (Red), BCBP (Orange), BOTP (Green), or MPTA (Blue)]
were incubated at indicated concentrations with Exol/F-SSB-Ct complexes.
Decreases in FP are attributed to inhibitor-mediated displacement of the
F-SSB-Ct peptide. FP values are the mean of three measurements with errors
bar depicting one standard deviation. In some instances, error bars are
obscured by the symbols.

more than 400 compounds that lowered FP values to ~40 mP.
The majority of these compounds were disregarded due to their
intrinsic fluorescence or fluorescence-quenching properties or
due to their common identification as false positive “hits” in
other high-throughput FP screens. After testing the dose-
dependent activity of the remaining compounds, four were pur-
sued further (referred to as CFAM, BCBP, BOTP, and MPTA,
Table 1). Interestingly, two of the compounds (BOTP and MPTA)
had phenyl and carboxyl groups organized around -chiral
carbons in similar positions to analogous groups from the C-
terminal-most Phe of the SSB-Ct. Previous experiments have
shown that this Phe is critical for SSB/Exol complex formation
(4, 6, 7). These features could therefore be related to the abilities
of the compounds to block Exol/F-SSB-Ct complex formation.

Dose-Dependent Disruption of Exol/SSB-Ct Peptide Complexes by
Small-Molecule Inhibitors. To quantify the potency of CFAM,
BCBP, BOTP, and MPTA, the dose-dependent disruption of
Exol/F-SSB-Ct complexes was measured for each compound
in competition-binding experiments. Exol/F-SSB-Ct complexes
were incubated with 0 to 200 pM concentrations of the com-
pounds, and FP values were measured to monitor displacement
of the F-SSB-Ct peptide (Fig. 1). In all cases, addition of the com-
pounds led to lowered FP levels that were similar to that of the
free F-SSB-Ct peptide. The concentrations required for
disruption of 50% of the complexes (IC;;) ranged from
8+ 1 pM (CFAM) to ~80 pM (MPTA) for the four compounds
(Table 1). The IC;, range was similar to previously measured
values for SSB-Ct peptides, which varied from 5 pM for the
full-length SSB-Ct peptide to 250 pM for truncated peptide
variants that bind to more limited portions of the SSB-Ct binding
surface on Exol (6).

Small-Molecule SSB-Interaction Inhibitors Abrogate SSB-Stimulated
Exol Activity. Exol nuclease activity is stimulated by SSB in a man-
ner that requires direct interaction between the two proteins (4, 6,
7,9), which allows SSB stimulation of Exol activity to be used as a
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reporter for Exol/SSB complex formation. To test the abilities of
CFAM, BCBP, BOTP, and MPTA to disrupt Exol/SSB complexes,
the effects of the compounds on Exol-specific activity were mea-
sured in Exol and Exol/SSB nuclease reactions. Exol nuclease
activity in the absence of SSB was not affected by the addition
of the small molecules. However, in SSB-stimulated Exol reac-
tions, each of the inhibitors reduced Exol-specific activity to
SSB-free or near-SSB-free levels in a dose-dependent manner
(Fig. 2). This behavior was consistent with the inhibitors binding
at a site (or sites) on Exol that is distinct from the enzyme sub-
strate binding/active site and is similar to results obtained with
SSB-Ct peptide inhibitors (6). The rank potency of the com-
pounds paralleled their IC;, values, ranging from 34 + 9uM
(CFAM) to 310 + 140pM (MPTA) (Tablel), although higher con-
centrations of each compound were required for inhibition in the
nuclease assay compared to the F-SSB-Ct competition-binding
experiments (Fig. 1). This difference could reflect local concen-
tration effects that arise from Exol and SSB binding to common
ssDNA molecules. In this situation the effective concentrations of
SSB C termini and Exol will be elevated relative to experiments
in which the proteins are not colocalized by DNA binding.

Kinetic studies were undertaken to determine the mechanism
of inhibition of each small molecule and to measure their inhi-
bitor dissociation constant (K;) values. Previous studies showed
that the SSB-Ct peptide acts as competitive inhibitor, increasing
the apparent Michaelis constant (K,,) of Exol for SSB/ssDNA
substrates without altering the turnover number (k) (6). Similar
to these peptide results, the addition of each inhibitor to SSB-
stimulated Exol reactions led to concentration-dependent in-
creases in apparent K,, values with no measureable effect on
ko (Fig. S1). Statistical comparisons of global fits of the inhibi-
tion data for each compound to competitive, noncompetitive, or
uncompetitive models showed that the probability that the com-
pounds were acting by competitive inhibition was >99.9% in all
cases. The competitive K; values for the compounds varied from
26 £+ 4 pM for the most potent (CFAM) to 163 £ 33 pM for the
least (MPTA) (Table 1). To determine whether the compounds
could operate by mixed inhibition, in which the inhibitors can
bind to either free Exol or to the Exol/substrate complex, the
dissociation constants for the free Exol/inhibitor complex (Kj)
and Exol/substrate/inhibitor complex (Kj;) for each compound
were estimated via global fits of the kinetic data to a mixed in-
hibition model (Fig. S1). The K values were found to be within
error of the competitive K; values for the compounds, whereas
the Kj; values were at least 28 times higher than the K values
(Table S1). These data indicate that there is negligible inhibitor
binding to the Exol/substrate complex, consistent with the com-
pounds acting as competitive inhibitors against Exol.

X-ray Crystal Structures of SSB/Protein Interaction Inhibitors Bound to
Exol. Two possible models could explain the inhibitory activities of
the small molecules. First, the small-molecule inhibitors might
directly compete with SSB for binding to a common site on Exol.
Second, the inhibitors could bind to an allosteric site on Exol
that influences the structure of the enzyme’s SSB binding site.
Inhibitors operating by the latter model would still appear to
be competitive in kinetic analyses if the allosteric site is exclu-
sively available for inhibitor binding in free Exol (i.e., if SSB bind-
ing to Exol allosterically inactivates the inhibitor binding site).
To begin to test these models, crystallographic experiments
were used to map the binding site(s) for the compounds.
Attempts to cocrystallize Exol bound to the inhibitors failed to
produce crystals, which limited structural studies to experiments
in which the compounds were soaked into apo-Exol crystals. An
earlier crystal structure showed that SSB-Ct peptides can bind to
two sites on Exol, referred to as A and B sites (Fig. 34), although
only the A site appears to be important for SSB binding and stim-
ulation of Exol in solution (4). Unfortunately, the arrangement of
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50% inhibition values for small-molecule inhibitors

Small-molecule inhibitor (structure and name) Exol Arg327Ala Exol RecQ PriA
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symmetrically related proteins in the crystal lattice of apo Exol
collapses the essential hydrophobic pocket used to bind the SSB-
Ct peptide in the A site (compare Fig. 34 and B) (4). However,
the B site is less impacted in the crystal lattice than the A site
in the apo-Exol crystals. Apo E. coli Exol protein crystals were
incubated with CFAM, BCBP, BOTP, or MPTA, and the resulting
x-ray crystal structures were determined (Table S2). For crystals
incubated with CFAM or BCBBD, significant difference electron
density was observed (Fig. 3C-F). Difference electron density
was not observed for BOTP- or MPTA-soaked Exol crystals.
The 1.55 A resolution structure of CFAM-bound Exol showed
that the compound binds to the B site of Exol (Fig. 3C and D).
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Fig. 2. Small-molecule inhibitors disrupt Exol/SSB/ssDNA ternary complexes.
Inhibitors (A) CFAM, (B) BCBP, (C) BOTP, or (D) MPTA were incubated at
indicated concentrations in Exol nuclease assays. Inhibition data are shown
for assays in which 200 nM SSB was included (Circles) or omitted (Squares)
from the reactions. Specific activity values are the mean of three measure-
ments with errors bar depicting one standard deviation. In some instances,
error bars are obscured by the symbols.
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The trifluoromethylanilino group of the inhibitor buries in the
hydrophobic pocket that defines the B site, which is formed by
Pro228, Trp245, Leu264, Cys330, Leu331, Leu334, and the hy-
drophobic portion of the Arg327 side chain. The chlorine from
CFAM forms apparent van der Waals interactions with the
guanidino group on the Arg327 side chain from Exol and with
DMSO present in solution (Fig. 3D). The remainder of the mol-
ecule associates with an electropositive element of Exol referred
to as the “basic ridge.” The basic ridge is important for Exol
complex formation with SSB in vitro (4).

The 1.6 A resolution crystal structure of BCBP bound to Exol
showed that it also binds in the B site on Exol (Fig. 3E and F).
The same Exol residues that provide the hydrophobic pocket for
binding CFAM were also used in BCBP binding. Interestingly,
BCBP and CFAM present very different chemical structures in
the hydrophobic pocket, indicating that this pocket can accom-
modate a variety of groups. Similarly to CFAM, Arg327 provides
important binding contacts through both the hydrophobic
portion of its side chain and through interactions mediated by
its guanidino group, although for BCBP the latter group uses
apparent hydrogen bonds in water-mediated contacts with the
compound. The remainder of BCBP does not bind to the basic
ridge of Exol but instead docks against a surface that is on the
opposite side of the hydrophobic pocket. These different binding
modes illustrate the potential for distinct inhibitor binding modes
that could disrupt Exol/SSB complexes.

Substituting Ala for Arg 327 in Exol Has Only Minor Effects on
Sensitivity to CFAM, BOTP, and MPTA but More Dramatic Effects with
BCBP. As described above, two models could explain inhibition by
the small molecules: direct competition with SSB for binding to
the A site on Exol and indirect blocking of SSB binding through
binding to an allosteric site on Exol. Because the structural fea-
tures that support SSB-Ct binding are very similar between the A
and B sites (4), the observed B-site binding by the inhibitors may
provide insights into how the molecules might bind to the A site.
Alternatively, the structures might also support a model in which
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Fig.3. Crystal structures of CFAM and BCBP bound to E. coli Exol. (A) Crystal structure of E. coli Exol bound to two SSB-Ct peptides (4). Biochemical experiments
have shown that only the A site is used for SSB/Exol association in solution; the B site is likely an artifact of high peptide concentrations used in crystallization
(4). Exol surface is stained according to electrostatics (Blue, electropositive; Red, electronegative; White, neutral) and peptides are colored by atoms. A bound
Mg?2t ion is shown as a magenta sphere. (B) Crystal packing in apo-Exol protein crystals. A symmetrically-related Exol molecule (Yellow) binds to the SSB-Ct
peptide-binding surface of an adjacent Exol molecule, distorting the hydrophobic pocket that accommodates the SSB-Ct peptide in the A site but not the B site.
(C) Crystal structure of CFAM bound to Exol. Exol is colored as in A and CFAM is colored by atoms (Magenta, carbon; Red, oxygen; Blue, nitrogen; Green,
chlorine; Pale Blue, fluorine). (D) Contact map depicting Exol residues and solution components that contact CFAM. Omit F,-F. electron-density contoured at
2.85 is shown for CFAM. (E) Crystal structure of BCBP bound to Exol. Exol is colored as in A and BCBP is colored by atoms (Pink, carbon; Red, oxygen; Blue,
nitrogen; Green, chlorine; Yellow, sulfur). (F) Contact map depicting Exol residues and solution components that contact BCBP. Omit F,-F. electron-density
contoured at 2.8¢ is shown for BCBP. Distances between a water molecule (Red Circle) and BCBP and the closest nitrogen from the Arg327 guanidino group (+)
are provided. All figures were made by using Pymol (20).

the compounds act by binding to the B site to allosterically alter ~ binding assay. Direct SSB-Ct binding and SSB-stimulated DNA
A-site SSB-Ct binding. To distinguish between these models, the  unwinding activity have been described for both RecQ and PriA
inhibitor sensitivity of an Exol variant in which Arg327 was (8, 10, 11). However, the fold that binds SSB in Exol is not
changed to Ala was assessed. Changing Arg327 to Ala has no  conserved in RecQ, nor is it predicted to be conserved in PriA,
measureable effect on SSB-Ct peptide binding (4) but would  which leaves open the question of whether the inhibitors can act
be predicted to have a major impact on B-site inhibitor binding  on these SSB/protein complexes. In addition, Exol appears to
given the prominent roles of Arg327 in binding to both CFAM  bind the SSB-Ct element with higher affinity than RecQ or PriA
and BCBP in the crystal structures (Fig. 3). We hypothesized that ~ (the Exol, RecQ, and PriA dissociation constants for binding to
if inhibitor binding to the B site is needed for allosteric inhibition ~ SSB are 0.14, 6.4, and 2.4 pM, respectively) (4, 10, 11). These
of SSB binding, then replacing Arg327 with Ala should reduce the  stability differences could reflect distinct SSB-Ct binding modes

inhibitor sensitivity of the Exol variant. for each protein, which might manifest as differences in sensitivity
Altering Arg327 to Ala in Exol led to negligible reductions in ~ to the small-molecule inhibitors.
CFAM, BOTP, and MPTA sensitivity. These compounds dis- For both RecQ and PriA, subsets of the inhibitors disrupted

placed F-SSB-Ct peptide from Arg327Ala Exol with IC;, values ~ complexes formed with F-SSB-Ct (Table 1 and Fig. S2). BOTP
that were only 1.1-fold to 1.5-fold higher than wild-type Exol ~and MPTA disrupted RecQ/F-SSB-Ct interactions with ICy,
(Table 1), indicating that B-site binding does not appear to play  values of ~100 pM, whereas neither CFAM nor BCBP appeared
a major role in their inhibitory activities. However, BCBP had a  to disrupt the complex. These BOTP and MPTA IC;, values
3.1-fold higher ICs, with the Arg327Ala Exol variant than with  reflected 4-fold weaker, and similar activity of the respective
wild-type Exol (Table 1). This change shows that B-site binding  compounds compared with Exol. BOTP, MPTA, and CFAM dis-
plays an important role in the inhibitory activity of BCBP, which  rupted PriA/F-SSB-Ct interactions with IC;, values of ~60, ~100,
distinguishes it from CFAM, BOTP, and MPTA. Similar experi- and ~200 pM, respectively, whereas BCBP again failed to disrupt
ments to test A-site Exol variants in competition-binding studies ~ the complex (Table 1 and Fig. S2). BOTP and MPTA were nearly
could not be performed because structural changes that would be  as potent against PriA/SSB-Ct complexes as they were with Exol,
predicted to weaken inhibitor binding would also block SSB-Ct  but CFAM required over 20-fold higher compound concentra-
binding (4). tions to disrupt the complex than was needed with the Exol/

SSB-Ct complex. These data show that BOTP and MPTA
Small-Molecule Disruption of RecQ/SSB-Ct and PriA/SSB-Ct Complexes.  (and CFAM, to a lesser extent) have broad SSB/protein complex
To examine the specificity of the small-molecules inhibitors, the  disruption properties that could be useful in inhibiting complexes
dose-dependent disruption of SSB-Ct complexes formed with . beyond those examined in this work, whereas BCBP appears to be
coli RecQ and PriA DNA helicases was examined in the peptide-  exclusively active against the Exol/SSB complex. Interestingly,
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BCBP was also the only inhibitor for which binding to the Exol
B-site was important for its activity, which could be related to its
selective inhibition.

Discussion

By using a high-throughput FP screen, we have identified four
small-molecule inhibitors that disrupt the complex formed between
E. coli SSB and Exol (Table 1). Each of the compounds dissociates
Exol/SSB-Ct peptide complexes and abrogates SSB stimulation of
Exol activity by blocking Exol/SSB complex formation (Fig. 1 and
2). The accumulated data support amodel inwhich three of the four
compounds compete directly with SSB for binding to Exol, and the
fourth appears to use an allosteric mechanism to block Exol/SSB
complex formation. Subsets of the small molecules are also able
to dissociate complexes formed between RecQ or PriA DNA
helicases and SSB-Ct, indicating that some of the compounds
specifically block the Exol/SSB interaction, whereas others inhibit
a broader set of SSB protein interactions.

Inhibitor Mechanisms for Blocking SSB Binding to Exol. For three of
our compounds (CFAM, BOTP, and MPTA), the accumulated
data point to a direct competition mode of inhibition in which
the small molecules compete with SSB for binding to the A site
on Exol. The first indications that these compounds act by direct
competition came from biochemical studies. Each compound
reduced the specific activity of Exol in reconstituted Exol/SSB
nuclease reactions but had no effect on Exol activity in the ab-
sence of SSB (Fig. 2). CFAM reduced SSB-stimulated activity to
that observed in the absence of SSB, whereas BOTP and MPTA
reduced Exol activity to near-SSB-free levels that were limited by
the solubility of the compounds. The inability of the small mol-
ecules to inhibit Exol activity in the absence of SSB showed that
they are not general nuclease inhibitors; instead they specifically
block SSB-stimulated Exol activity. As further support for inhibi-
tion by direct competition, kinetic analyses showed that each
of the small molecules acts by competitive kinetic mechanisms
(Table 1, Fig. S1 and Table S1). These data show that the com-
pounds can bind to the free Exol enzyme but not to Exol bound
to its substrate (SSB/ssDNA). Parallel inhibitory behavior is
observed when synthetic SSB-Ct peptides, which act by direct
competition, are used as inhibitors in reconstituted Exol/SSB
nuclease reactions (6).

Structure-function studies provided additional critical support
for competitive-binding inhibition mechanisms for CFAM, BOTP,
and MPTA. Crystallographic studies mapped the CFAM binding
site to a known SSB-Ct binding pocket on Exol (Fig. 3C and D).
Although this pocket (B site) does not appear to be important for
SSB/Exol complex formation in solution (4), it serves as a useful
surrogate for defining how CFAM might bind to the A site on
Exol. Structural modeling of CFAM into the A site shows that
this pocket could readily accommodate the compound by using
an analogous binding strategy to that shown in Fig. 3 (Fig. S3).
Importantly, mutagenesis results indicated that changing B-site
residue Arg327, which interacts with CFAM in the structure,
to Ala did not significantly alter CFAM’s IC;, (nor those of
BOTP or MPTA) in peptide competition-binding experiments
(Table 1). Therefore, B-site binding does not appear to play a role
in CFAM, BOTP, or MPTA competition for SSB-Ct binding.

Finally, the broad activity of CFAM, BOTP, and MPTA against
complexes formed between Exol, RecQ, or PriA and the SSB-Ct
peptide argues strongly that the small molecules must recognize
structurally similar binding sites in the three proteins. As is de-
scribed further below, Exol, RecQ, and PriA lack known simi-
larities beyond each protein’s ability to form complexes with
SSB. It is therefore unlikely that structural features other than
an SSB-Ct binding site would be found in all three proteins.
Instead, it is far more likely that CFAM, BOTP, and MPTA
act by binding to similar SSB-Ct binding sites in each protein.
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Consistent with this idea, the structures of two of the inhibitors
(BOTP and MPTA) bear a striking similarity to one another and
to a Phe amino acid with a free a-carboxyl group (Table 1). This is
of interest because several studies have shown that the Phe resi-
due from the SSB-Ct (an evolutionarily invariant residue among
bacterial SSBs) participates in crucial interactions that drive SSB/
Exol complex formation (4, 6, 7). Given the similar placement of
phenyl and carboxyl groups in BOTP, MPTA, and a C-terminal
Phe, we suggest that these small molecules can bind to target
proteins in an analogous manner to that of the SSB-Ct Phe.

In contrast to the other inhibitors identified in our screen,
biochemical studies indicated that BCBP uses a distinct mecha-
nism to block SSB/Exol complex formation. First, changing B-site
residue Arg327 to Ala led to a significant increase in BCBP’s ICs,
in the peptide competition-binding assay (Table 1), indicating
that B-site binding plays a role in the activity of BCBP (Table 1).
A second notable difference is that BCBP is the only compound
among the identified inhibitors that failed to block SSB-Ct
binding to both RecQ and PriA. This selective inhibition likely
stems from a distinct mechanism that BCBP uses to dissociate
the Exol/SSB complex. We propose that B-site binding by BCBP
allosterically induces structural changes in the adjacent A site
that disallow SSB binding, which explains the differences between
BCBP and the other inhibitors identified in the high-throughput
screen.

Subsets of the Compounds Act As General SSB/Protein Complex
Inhibitors. Three of the inhibitors (CFAM, BOTP, and MPTA)
were able to dissociate SSB-Ct peptide complexes with RecQ
and/or PriA complexes, whereas the remaining compound
(BCBP) had no activity against complexes aside from Exol/
SSB-Ct (Table 1 and Fig. S2). Of the three broadly active inhib-
itors, BOTP and MPTA had similar activities against all of the
tested SSB-binding proteins, whereas CFAM had more limited
activity. As a corollary to this observation, these results also show
that the SSB-Ct binding sites in Exol, RecQ, and PriA share com-
mon features that allow binding of BOTP and MPTA, but that
CFAM is better suited for binding Exol than to the SSB-Ct
binding sites in RecQ and PriA. Although the protein folds used
by Exol and RecQ to bind SSB are distinct, electrostatic similarity
between the Exol and RecQ SSB-Ct binding sites has been
reported (8). The site of SSB-Ct binding on PriA has not been
defined structurally. CFAM, BOTP, and MPTA may therefore
prove to be useful general inhibitors of SSB/protein complexes
and as small-molecule probes of SSB-Ct binding sites from di-
verse genome maintenance enzymes. Further experiments will
be needed to assess the breadth of activities of the inhibitors re-
port here, but both broad and selective SSB-interaction inhibitors
provide useful tools for future dissection of the biochemical roles
of numerous SSB/protein complexes found throughout bacteria.

Several observations argue that, in addition to their utility as
tools for genome maintenance studies, the small-molecule inhi-
bitors described in this work could form the basis of previously
undescribed antibacterial therapeutics. First, protein complex
formation with SSB is essential for bacterial cell viability, making
SSB/protein interactions potential drug targets in bacteria (3).
Second, the SSB-Ct sequence is well conserved among bacterial
SSBs but is absent in eukaryotic Replication Protein A (3, 4). This
distinction implies that compounds that can disrupt SSB/protein
complexes could have the potential for broad-spectrum anti-
bacterial activity but might not inhibit comparable eukaryotic
systems. Third, because SSB interacts with at least a dozen dif-
ferent proteins in bacterial cells (3), multiple gain-of-function
mutations could potentially be required for resistance acquisition
against SSB-interaction inhibitors. Future experiments will be
required to explore the possible antibacterial activities of CFAM,
BCBP, BOTP, and MPTA.
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Materials and Methods

Peptides, Proteins, and Small Molecules. SSB-Ct peptide (Trp-Met-Asp-Phe-Asp-
Asp-Asp-lle-Pro-Phe) and F-SSB-Ct peptides (SSB-Ct with an N-terminal
fluorescein) were prepared as described earlier (6). E. coli Exol, the Exol
Arg327Ala variant, RecQ, PriA, and SSB were purified as described earlier
(4, 12, 13). Small-molecule stocks were obtained from Chembridge or
Maybridge: CFAM, 2-[2-chloro-5-(trifluoromethyl)anilino]-5-methoxybenzoic
acid; BCBP, 3-(tert-butyl)-1-(6-chloro-1,3-benzothiazol-2-yl)-4,5-dihydro-1H-
pyrazol-5-one; BOTP, 2-[5-(3-bromobenzylidene)-4-oxo-2-thioxo-1,3,thiazoli-
din-3-yl]-3-phenyl-propanoic acid; and MPTA, [5-(2-methyl-3-phenyl-2-
propen-1-ylidene)-4-oxo-2-thioxo-1,3-thiazolidin-3-yl] (phenyl)acetic acid.

High-Throughput Interaction Inhibitor Screen. E. coli Exol (1 uM) and 10 nM
F-SSB-Ct peptide were mixed in 20 mM Tris-HCl (pH 8.0), 100 mM Nadl,
1 mM MgCl,, 1T mM 2-mercaptoethanol for 5 min at room temperature.
Individual small molecules [1 pL of 1 mM stock in 100% dimethyl sulfoxide
(DMSO)] were added to 30 pL Exol/F-SSB-Ct mixtures in black walled 384-well
plates by using a liquid handling system. The FP of each reaction was
measured by using a Tecan Saphire Il. In total, 50,400 compounds from
the Chemical Diversity, Maybridge, and Chembridge chemical libraries were
screened. Control reactions using SSB-Ct peptide (positive control, 1 uL of
2 mM stock in 100% DMSO) or DMSO (negative control, 1 uL of 100% DMSO)
were included on each plate.

Small-Molecule Competition-Binding Assay. E. coli Exol, PriA, or RecQ (1 pM)
was incubated with 10 nM F-SSB-Ct peptide and 0-200 uM inhibitor com-
pounds as described previously (6). Data are presented as the mean of three
measurements with error bars depicting one standard deviation of the mean.
ICsq values are the concentrations of inhibitors necessary for 50% dissociation
of F-SSB-Ct complexes and as determined by fitting the data to a single
binding-site model by using the GraphPad Prism software package (Prism).
IC5o values for which reliable lower base line values were not observed
are interpreted from trend lines and are presented without standard
deviation estimates.

Exonuclease Inhibition Assay. Nuclease assays were carried out as described
previously (4). One unit of exonuclease activity is the amount of enzyme
required to generate 1 pmol of acid-soluble products per min at 37 °C; specific
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enzyme activity is expressed as units per mg of protein. Data are presented as
the mean of three measurements with Y-axis error bars depicting one stan-
dard deviation of the mean. Because BOTP and MPTA had limited solubility at
1 mM, their soluble concentrations in the assay conditions were determined
by comparison with standard absorbance curves for each and are presented
as the mean of three measurements with X-axis error indicating one standard
deviation of the mean. Fifty percent inhibition values are the concentrations
of inhibitors necessary to reduce Exol nuclease activity with SSB/ssDNA sub-
strate by half (relative to activity in the absence of SSB) and were determined
by fitting to a single binding-site model by using the GraphPad Prism soft-
ware package. Saturation kinetic data were globally fitted to competitive,
noncompetitive, uncompetitive, and mixed inhibition models by using
GraphPad Prism; in all cases the data fit best to a competitive model of
inhibition. To compare competitive, noncompetitive, and uncompetitive
models statistically, each pair was contrasted by using Akaike’s method
(14) by using GraphPad Prism, which reports the relative percent chance that
a model is correct. To determine best-fit K;; and K;; values for a mixed inhibi-
tion model, data were globally fitted to a mixed inhibition model with the
program KinetAsyst (Intellikinetics), which uses the algorithm of Cleland (15).

Crystal Structures of CFAM/Exol and BCBP/Exol Complexes. Apo E. coli Exol
crystals were formed as described previously (4). Crystals were incubated with
individual small-molecule inhibitors (100 mM Tris-HCI, pH 8.0, 18% polyethyl-
ene glycol (PEG) 4000, 100 mM MgCl,, 1% DMSO, saturated inhibitor) for
2-5 d at room temperature, then transferred to a cryoprotectant solution
(100 mM Tris-HCl, pH 8.0, 8% PEG 4000, 100 mM MgCl,, 1% DMSO, saturated
inhibitor, 25% glycerol) prior to being flash frozen in liquid nitrogen. Diffrac-
tion data were indexed and scaled by using HKL2000 (16) and inhibitor-
bound Exol structures were determined by molecular replacement with
Phaser (17) by using the apo E. coli Exol structure (4) as a search model. Model
building and refinement were carried out with Coot (18) and Refmac (19),
respectively.
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